The Agave deserti complex, comprising A. deserti, A. cerulata and A. subsimplex, represents a group of species and subspecies with a near allopatric distribution and clear differences in morphology. Genetic differentiation and taxonomic status with respect to spatial distribution of 14 populations of the complex were analyzed in an effort to understand the evolution and speciation process within the genus. Allelic frequencies, levels of genetic variation, expected heterozygosity (H S ), proportion of polymorphic loci (P), and genetic differentiation (y and Nei's genetic distance) were estimated using 41 putative RAPD loci. All three species show high levels of genetic variation (H S ¼ 0.12-0.29, P ¼ 63.4-95.1), and low genetic differentiation between populations and species (y populations ¼ 0.1470.02 (SE); G st ¼ 0.1170.02). Accordingly, gene flow among populations was estimated as high by three different methods (N m ¼ 2.91-6.14). Nei's genetic distances between the three species were low compared to the values obtained from other Agavaceae, and there was no clear correlation with taxonomic divisions. In a UPGMA analysis, A. subsimplex and A. cerulata formed exclusive monospecific clusters, whereas the A. deserti populations appear in more than one cluster together with other species. The results were consistent with a pattern of genetic isolation by distance.
Introduction
The Sonoran desert is relatively young (Axelrod, 1979; Van Devender, 1990 ). Its present day configuration results from the physical separation of the Baja California Peninsula from mainland Mexico and the consequent formation of the Gulf of California 5 million years ago (Lonsdale, 1989) . The present distribution of many Sonoran desert taxa on both sides of the Gulf (Turner et al, 1995) offers a good system to study population differentiation across a geographic barrier.
The genus Agave comprises more than 160 species, most of them with similar ecologies and morphologies, although their distributions are usually geographically restricted (Gentry, 1982; García-Mendoza and Galván, 1995) . Among the species in the genus, the A. deserti complex represents an interesting system, having species/subspecies with near allopatric distributions and differences in morphology (Gentry, 1982) , which possibly reflect patterns of genetic differentiation because of independent evolution among the populations. The species in the complex are an important floristic component of the Sonoran desert vegetation, since they usually have large populations. For example, Gentry (1982) indicates that A. cerulata probably has the second largest population of all the Agave species.
Morphological studies recognize three species and seven subspecies within this complex. It comprises A. deserti from the northern part of the Sonoran desert (with three subspecies), plus two closely related species, A. cerulata (with four subspecies) and A. subsimplex (Gentry, 1982; Turner et al, 1995, Figure 1 ). The last two species have been considered to be closely related (Gentry, 1982) , but parallel adaptation to similar environmental conditions and/or conservation of shared ancestral characters might explain their morphological similarity despite being separated by the geographical barrier created by the Gulf of California (see Figure 1) . Some of the subspecies have been considered as species in the past (Gentry, 1982) or as populations undergoing speciation, as in the case of A. cerulata ssp. dentiens, from the San Esteban Island.
Population genetic structure was analysed in order to understand genetic differentiation, taxonomy and geographical distribution in the heterogeneous Sonoran desert could explain the evolution and speciation process of this species complex.
In order to analyze the genetic differentiation in this group of species, we used RAPDs, as these markers allow sampling a large number of loci that, in principle, represent a random sample of the genome, and thus guarantee a genome-wide estimate of the population genetic structure parameters. RAPDs have been criticized as tools for estimating population genetic para-meters (Hedrick, 1999) ; nevertheless, they have proven successful in many studies where they have been used in combination with other markers to test their effectivity. Once good quality controls have been established, RAPDs are realible genetic markers for population genetic studies (eg, Besnard et al, 2001 ).
Materials and methods

Field collection
In all, 14 populations of the three species were sampled between November 1997 and March 1998 (Table 1 and Figure 1 ). At least 30 individuals per population were collected, which has been suggested as a minimum number for relatively accurate estimates of the allelic frequencies (Nei, 1987) . Plants collected were at least 2 m apart from one another to avoid collecting the same genets. Each population was 50-100 km apart. The location of each population was determined using a GPS device (Ensign GPS, Tremble Navigation) and INEGI maps (scale 1:250 000). Approximately 25 cm 3 of central leaf tissue was collected. It was kept in liquid nitrogen and transferred to storage at À801C.
Genetic analysis
DNA was extracted from all individuals using a modified CTAB technique (Doyle and Doyle, 1987) . The tissue was ground to a fine powder using liquid nitrogen. DNA concentrations were measured with a Perkin-Elmer Lambda Bio UV/Vis spectrophotometer and standardized for amplification.
The procedure of Williams et al (1990) for RAPDs was used with few modifications: 6 Â PCR buffer with MgCl 2 (Boehringer-Mannheim), 4 Â PCR buffer without MgCl 2 , 0.2 mM nucleotide mix (Boehringer-Mannheim), 1 U Taq polymerase (Boehringer-Mannheim), 2.5 ng of DNA template and 10 pM of primer. The PCR was carried out in an ERICOMP Deltacycler IIt with the following program: 941C (1 min), 43 cycles (941C, 1 min; 361C, 1 min.; 721C, 2 min.); 721C, 15 min; 41C. The ethidium bromide-stained agarose gels were photographed using a digital camera (Kodak) and analyzed with help of the program Bio Max 1D from Kodak Scientific Imaging Systems.
In total, 40 primers from Operon Technologies (Kits A and B) were assayed. Clear bands were obtained from five primers, but two yielded repeatable results: primers OPA-10 and OPB-20.
Data analysis
From the gels, a presence/absence matrix of RAPD bands was constructed. This matrix was analyzed with the program Tools for Population Genetic Analyses (TFPGA, Mark P Miller, Northern Arizona University, AZ, USA). We obtained the allelic frequencies using Lynch and Milligans (1994) correction, since the markers are dominant. This assumes that the populations are in Hardy-Weinberg equilibrium, a reasonable assumption, given preliminary allozyme population genetics data for the species (M Salas and A Valera, UNAM, unpublished data).
From the RAPD data for each population, we estimated the expected (heterozygosity) (H S ) per locus and per population, as well as the proportion of polymorphic loci per population (P, 99% criterion). To test for significant differences in (heterozygosity) values between populations, we performed an ANOVA using SYSTAT to test for the effect of species and populations when comparing H S .
Population differentiation analyses were undertaken for each individual population together and for the combined populations of each species.
(1) Differences in allelic frequencies per locus were compared using Fisher's combined probability test (in TFPGA, from Sokal and Rohlf, 1995) . (2) y ( ¼ F ST , coefficient of coancestry, Weir, 1996) was estimated for each locus in all populations. The y value was estimated for all populations and bootstrapped 1000 times, to obtain a 95% confidence interval. G ST was also estimated after Hamrick and Figure 1 Geographic distribution of the A. deserti complex (modified from Gentry, 1982) . Numbers 1-14 indicate populations collected (Table 1 ). Symbols represent: Agave deserti ssp. deserti, Agave deserti ssp. simplex, Agave deserti ssp. pringlei,~Agave cerulata ssp. nelsonii, J Agave cerulata ssp. cerulata, $ Agave cerulata ssp. subcerulata, m Agave cerulata ssp. dentiens, n Agave subsimplex.
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A Navarro-Quezada et al Godt (1996) . Gene flow was measured by N m , which is equivalent to the number of migrants per generation (Hartl and Clark, 1996) . Gene flow was indirectly calculated using the Crow and Aoki (1984) 
, and n is the number of subpopulations. The subpopulations were the populations analyzed for each species. (3) N m was calculated using the private alleles method of Slatkin (1985) . In this method, the average frequency of alleles found in only one population p(1) is log 10 [p(1)] ¼ a log 10 (N m )+b. Based on simulation studies, Slatkin (1985) determined a ¼ À0.61 and b ¼ À1.2 for 50 individuals, and a ¼ À0.58 and b ¼ À1.1 for 25 individuals. (4) Gene flow was estimated by an analysis of average allele frequencies per population (Slatkin, 1981) to obtain, the proportion of migrants per generation (m), A qualitative comparison was made by overlaying the graphs obtained with those obtained by Slatkin (1981) for both the island and the steppingstone models to obtain an approximate value for m. (5) Nei's genetic distances (Nei, 1987) were estimated.
With the matrix of Nei's minimum distances (Nei, 1987) , an UPGMA dendrogram from the presence/ absence matrix using 1000 bootstrap replicates was constructed. (6) Isolation-by-distance was tested by correlating genetic and geographic distances between populations using the Mantel analysis (Manly, 1991) with 10 000 permutations to obtain an unbiased result for the probability.
Results
Genetic variation
In all, 41 polymorphic bands were amplified, 23 with primer B-20 and 18 with primer A-10 (the presence/ absence matrix can be obtained from the corresponding author). DNA was extracted from all the individuals collected, although for some the concentration or quality of DNA was unsuitable for RAPD amplifications, hence the number of analyzed individuals was less than the sampled number (Table 1 , average n ¼ 41.471.83 SE). The genetic variation was high compared to values obtained for plants using allozymes (Hamrick et al, 1992) ranging from 0.121 to 0.292 in H S and from 63.41 to 95.12% for P, according to both estimators used (average H S ¼ 0.19970.01 SE, average P ¼ 82.672.46 SE, Table 1 ). The results of the ANOVA on the heterozygosities (Table 2) indicate that there are significant differences among all populations of the three species taken together, as well as among the A. deserti populations. No significant differences were detected among populations of A. cerulata and A. subsimplex ( Table 2) .
The northern A. deserti ssp. deserti (La Rumorosa) showed the highest variation, whereas one of the southern populations of A. subsimplex (Rancho San Gabriel) showed the least variation there was no overall correlation between latitude and H S (r 2 ¼ 0.536, P ¼ 0.59). Both estimators of genetic variation (H and P) are correlated (r 2 ¼ 0.7809, P ¼ 0.01), indicating that higher polymorphism corresponds to higher heterozygosity.
Genetic differentiation
The Fisher combined probability test showed significant differences in allelic frequencies for all loci among species in the A. deserti complex and also among populations of A. deserti (Table 3 ). All but six loci among populations of A. cerulata were significantly different, whereas in A. subsimplex there were no significant differences in 30 loci, which indicate less differentiation among its populations than in the other two species.
Following the same pattern as the differences in allelic frequencies, population differentiation as estimated by y and G ST shows small values particularly for A. subsimplex and A. cerulata, although significantly different from 0 (Table 3 ). The estimator y ranges from 0.084 to 0.137 for all species and G ST varies from 0.07 to 0.149. The estimators y and G ST were not significantly different (t-test Po0.001). Table 1 Populations of Agave cerulata, A. deserti and A. subsimplex used in this study (see also Figure 1 ) and levels of genetic variation at 41 RAPD loci for 14 populations.
Pop
Species H S =expected heterozygosity, P=proportion of polymorphic loci are shown for all populations and for each separate species (7SE).
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The N m values obtained either from y or private allele estimates were similar, ranging between 2.91 and 6.14 for the first analysis, and between 3.36 and 3.83 with the rare alleles (Table 3 ). An estimate for the rare alleles was not possible for A. deserti as private alleles were not found. In all cases, N m estimates were greater than 1. According to the analysis of average allelic frequencies (Slatkin, 1981 The low correlation between current taxonomy and genetic differentiation is clearly shown in the UPGMA dendrogram (Figure 4 ), although this distance tree reflects geographical patterns. Agave deserti seems to be a polyphyletic group, as one A. deserti spp. deserti population (8) appears inside the cluster with A. cerulata, which may be because of an introgression event, since this A. deserti population (Leyes de Reforma) is close to the north-western limit of the A. cerulata distribution. The subspecies A. deserti spp. simplex forms a cluster genetically closer to A. subsimplex than to other A. deserti subspecies. These populations of A. deserti spp. simplex (Quitobac and El Pinacate) are geographically near the distribution of A. subsimplex, in Sonora. Low bootstrap values in some of the branches indicate that these groups are not strong, something that might be a result of high gene flow among the populations.
There is only a weak correlation between geographic distance and genetic distance according to the Mantel tests, when considering all the species together (r ¼ 0.401, P ¼ 0.085). Since this weak correlation could be because of the isolation effect produced by the Gulf of California, we also estimated the distances in the populations for each species. For A. deserti and A. cerulata, we found a correlation between genetic and geographic distance (r ¼ 0.920, P ¼ 0.006 and r ¼ 0.735, P ¼ 0.009, respectively, Figure 5 ). In A. subsimplex, Figure 5 genetic distances seemed not to be related to geography, but bias may have been introduced by the small sample size (three populations). When only the continental populations of A. cerulata (ie, removing the San Esteban Island, population 14) were taken into account, we observed a higher correlation (r ¼ 0.892, P ¼ 0.001) in the Mantel test (data not shown). This suggests that the island population is not following the same pattern of geographic-genetic differentiation as other populations in the species.
Discussion
Levels of genetic variation Genetic variation is high in all the populations sampled, compared with the values obtained for plants in general using allozyme markers (H S ¼ 0.15 and P ¼ 50%, Hamrick et al 1992). Our H S estimates are lower than an average obtained from a survey of published plant RAPD data (A Navarro-Quezada, personal communica- Slatkin (1981) , where i is the number of populations with a certain allele, and p(i) is the average frequency of all alleles displayed by i populations. m (number of migrants per generations) within a species was estimated quantitatively by comparing the graphs with those obtained from simulations by Slatkin (1981) . Agave deserti approximates to m ¼ 0.05, ' A. cerulata and m A. subsimplex approximate to m ¼ 0.1.
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A Navarro-Quezada et al tion), but higher for P (average H S ¼ 0.271 and P ¼ 61.83%). The higher P values could be because of the use of only two RAPD primers, since other primers assayed yielded less polymorphism (eg, OPB-17), but they were not consistent enough to be used in our analyses. According to Hamrick and Godt's (1996) allozyme averages, the values obtained for H and P would be an indication of a predominantly outcrossing plant with gravity seed dispersal, a long-lived perennial habit and a regional distribution. All traits are in concordance with the ecology of the genus Agave. Similar genetic variation values have been obtained for other Agavaceae (Massey and Hamrick, 1998; Martínez-Palacios et al, 1999) and other long-lived monocots (Eguiarte et al, 1993; Izquierdo and Piñ ero, 1998) . Genetic variation of the A. cerulata population from the San Esteban Island is not significantly different from that of other populations of the same species. Island populations generally have less variation than mainland populations (Frankham, 1997) . One possible explanation for higher variation on islands is the presence of gene flow from continental populations. This could be the case Table 2 , Figure 1) . The bootstrap consensus value (proportion) is given at each node, the Nei (1978) genetic distance between clusters or taxa separated at the nodes are given below in italics.
A Navarro-Quezada et al for A. cerulata ssp. dentiens if it is pollinated by bats. San Esteban Island is within flight distance from a known roost of Leptonycteris curasoae on Tiburon Island (Horner et al, 1998) . Nevertheless, a large population size might be a factor for the maintenance of high genetic variation (A Navarro-Quezada, F Molina-Freaner, unpublished data).
Genetic differentiation and indirect estimates of gene flow
The values obtained for population differentiation (y, G ST ) are close to the ones surveyed for long-lived perennial, regional and outcrossing monocots in allozyme studies (Hamrick and Godt, 1996) , which again coincides with the Agave life history. The measure y is a good estimator of population differentiation and gene flow when populations are large and gene flow is moderate, introducing less bias for the estimation of F st (Slatkin, 1989) . Differences within allelic frequencies turned out to be low and y and G ST values were hardly, although significantly, different from zero. This shows that there is a lower genetic differentiation within and among the populations of the species comprising the A. deserti complex, than was expected from the extant morphological differentiations that led Gentry (1982) to divide them into different species/subspecies. This suggests that there is relatively high gene flow among populations.
Differentiation values are relatively low for A. subsimplex and A. cerulata, which agrees with the differentiation observed in another widespread species of Agave (Silva, 2001) . Nevertheless, larger differentiation is observed when considering all populations of the three species together and the species A. deserti alone. Of the three species, the one with the most disjunct distribution is also the more differentiated (A. deserti) and suggests that an isolation-by-distance model is responsible for the larger differentiation values found for this species. N m was highest for A. subsimplex, the species whose populations are geographically closer than the other two more widespread species. The analysis of average allelic frequencies as described in Slatkin (1981) supports that A. deserti has a lower gene flow within its populations than the other two species.
Using a Mantel test, a positive correlation between geographic and genetic distance was found not only for A. deserti, but also for A. cerulata ( Figure 5 ). Data on the pollination/dispersal biology of the species are needed to confirm that distances between populations are a determinant factor in differentiating them. N m estimates suggest that gene flow is a relevant evolutionary force in the complex (Kimura, 1983; Slatkin, 1985) . Nevertheless, indirect estimates of N m can be biased upwards by different factors violating the assumptions made when estimating F ST and N m from allelic frequencies (Whitlock and MacCauley, 1998) . The upward bias for N m (downward for F ST ) can occur because of overdominance and spatially uniform selection, both of which can be a possibility in our system. Nevertheless, RAPDs have been considered to be neutral and less prone to mutation than other markers, such as microsatellites and mtDNA. A large number of markers (41 in this study) help assure that N m estimates are less affected by non-neutral processes.
The small differentiation of the populations and species is also reflected in the genetic distance analysis.
In contrast to what was expected from taxonomy, Nei's genetic distances among populations of the same species are low (D ¼ 0.016 for A. subsimplex, D ¼ 0.018 for A. cerulata and D ¼ 0.050 for A. deserti, see also Figure 3 ). They are lower compared to the genetic distances estimated among populations of A. victoriae-reginae (average genetic distance among populations ¼ 0.182, Martínez-Palacios et al, 1999) . Agave deserti has genetic distances similar to the ones obtained for A. lechuguilla (average distance among populations ¼ 0.07, Silva, 2001) , another species with a large distribution, albeit these last studies were done using allozyme markers. The small genetic distances between populations and species could thus indicate that either the species complex has diverged recently and/or the presence of gene flow between species.
In addition, if genetic distances are an indication of reproductive isolation (Wu and Horlocher, 1998) , the (Nei, 1987) and geographic distance (in km). Upper graph: Agave cerulata, lower: A. deserti.
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A Navarro-Quezada et al results are not necessarily in accordance with current taxonomic divisions. The species category in the A. deserti complex is not clearly reflected by the genetic data (Figure 3 ). This complex may represent just a single genetic species with geographic differentiation. It is also clear from our analysis that A. cerulata ssp. dentiens is not more differentiated than the other populations sampled from the complex, despite growing in apparent isolation on the San Esteban island and showing morphological differences. Genetic distances were only large for A. deserti (La Rumorosa population), the most northern and western population, which appears at the base of the UPGMA dendrogram (Figure 4) .
It is important to mention that highly polymorphic neutral markers such as RAPDs, have been criticized for their tendency to underestimate differentiation between populations, since they average differentiation over different loci in the genome, which may not be necessarily the ones responsible for adaptive change (Hedrick, 1999) .
General patterns of evolution in the complex A. deserti might be a polyphyletic species, since its populations (belonging to different subspecies) group with three different clades in the UPGMA analysis, although there is no statistical support for this assertion. Morphological similarities that exist between A. cerulata and A. subsimplex seem to be mainly because of parallel adaptation from a similar genetic pool or to the species having retained ancestral characters, since they appear as a relatively distant group in the tree.
In conclusion, the differentiation of the currently described subspecies is not reflected in the genetic distances estimated by RAPDs. Gentry (1982) had already reduced the number of species in the complex, but, at least from a genetic standpoint, there seem to be even fewer species or subspecies than he proposes. Another possibility is that the changes important for speciation might reside in a few loci not detected by the RAPD markers. The problem of whether the complex is a single species could be addressed by quantitative morphological studies in common garden experiments (eg, Colunga-Garcia-Marin and May-Pat, 1997). Together with crosses among individuals from different taxonomic groups, these studies may give us an idea of reproductive isolation and/or the existence of ecotypes within a single species.
Geography seems to be important in differentiating populations of Agave. For instance as seen in the UPGMA clusters A. subsimplex and A. deserti ssp. simplex from Sonora fall together, and an A. deserti geographically close to A. cerulata appears in the cluster including the populations of this species. Nevertheless, only A. deserti and A. cerulata showed a correlation between geographic distance and genetic distance. The same phenomenon might occur in A. subsimplex, but our small sample size (three populations) does not allow a complete investigation.
The results suggest that hybridization among populations of different species might be frequent, as has been observed by Gentry (1982) for A. deserti and A. cerulata, and could be responsible for the observed pattern of nesting of A. deserti ssp. deserti in the A. cerulata group seen in the UPGMA analysis. Large population sizes may be preventing drift from differentiating them genetically, although the heterogeneous environment of the Sonoran desert is responsible for relatively different morphologies. Future studies on the reproductive biology of these species together with the estimation of the effective population sizes could further reveal the importance of gene flow in shaping the genetic structure of this complex.
